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ABSTRACT

The objectives of this study were to 1) identify highly
heterozygous Holstein bulls that are as unrelated as
possible and widely used in the US dairy industry; 2)
quantify the level of genetic diversity in US Holsteins;
and 3) determine the extent of background linkage dis-
equilibrium (BLD) and disease trait associated linkage
disequilibrium (DLD) in the US Holstein population.
Twenty-three Holstein bulls that are not closely related
but were widely used in the US dairy industry were
genotyped for 54 microsatellite loci. The genotyping was
performed on automated DNA sequencers (PE Applied
Biosystems, CA), following polymerase chain reaction
amplification with fluorescent dye-labeled primers. The
heterozygosity for the sampled population ranged from
0.43 to 0.80. This wide range of heterozygosity allows
selection of the most heterozygous bulls to develop in-
formative families for gene mapping studies. The de-
gree of genetic diversity in this population is significant
and allows selection for traits of economic importance.
As expected, there is extensive linkage disequilibrium
(LD) in the US Holstein population. About half of the
syntenic marker pairs presented a typical pattern of
LD produced by DLD. Most of the nonsyntenic marker
pairs had a typical pattern of LD arising from BLD.
These results suggest that the observed LD is not purely
due to genetic drift and migration and that a portion
might be due to DLD. This raises our hopes of successful
fine-localization of genes for complex traits using LD
mapping.
(Key words: background linkage disequilibrium, ge-
netic diversity, Holstein, linkage disequilibrium)

Abbreviation key: BLD = background linkage dis-
equilibrium, DLD = disease trait associated linkage
disequilibrium, D′ = Lewontin’s normalized pair-wise
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disequilibria, GE = genetic equilibrium, GHR = growth
hormone receptor, HFD = haplotype frequency distri-
bution, HWE = Hardy-Weinberg equilibrium, LD =
linkage disequilibrium.

INTRODUCTION

Artificial breeding schemes used in dairy cattle result
in reduced allele numbers and loci heterozygosity. The
average marker heterozygosity in bovine genome scans
is approximately 0.56 (Georges et al., 1995). When us-
ing half-sib family-based designs (daughter and grand-
daughter designs) to identify markers linked to QTL,
marker loci that are heterozygous for the parental sires
will be the only loci providing information about link-
age. Ideally, a panel of marker loci for which each locus
is heterozygous for all (or most) of the parental sires
would be used. The information extracted from pedi-
grees used for linkage analysis can be maximized by
first selecting potential parental sires with high levels
of average loci heterozygosity (sire selection) and then
defining a panel of marker loci with the highest hetero-
zygosity possible for the selected heterozygous parental
sires (marker selection).

During the past two decades, linkage analysis has
been successful in localizing genes for Mendelian dis-
eases and traits in human and livestock populations.
Linkage disequilibrium (LD) analysis has often comple-
mented the final phases of gene localization. These suc-
cesses have fueled hopes that similar approaches will
be effective in mapping genes for complex traits. En-
couraged by the success of LD mapping of Mendelian
disorders in isolated populations (de la Chapelle and
Wright, 1998), many investigators are currently using
these genetic isolates in the search for loci underlying
complex diseases (Sheffield et al., 1998; Wright et al.,
1999; Peltonen, 2000). Similarly, in dairy cattle, it is
encouraging to see successful efforts towards the posi-
tional cloning of QTL affecting milk yield and composi-
tion using linkage and LD approaches (Grisart et al.,
2002; Blott et al., 2003).
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The identification of a large number of densely spaced
microsatellite markers has led to empirical investiga-
tions into the distribution of LD in the human (Laan
and Paabo, 1997; Service et al., 2001; Devlin et al.,
2001) and bovine genomes (Farnir et al., 2000). Quanti-
fying the degree of such “background” LD (BLD; i.e.,
marker-marker loci LD) is a crucial undertaking in pav-
ing the way for whole genome association studies. To
demonstrate that LD between a disease trait and
marker loci is meaningful, the likelihood of simply de-
tecting BLD should be evaluated (Freimer et al., 1997).

For genome-wide association screens to be successful,
the LD signal due to the association with a shared
disease allele must stand out from the BLD signal.
Theoretical studies have suggested that such BLD is
highly dependent on the history of a population (Slat-
kin, 1994), with rapidly growing populations showing
less BLD than populations of constant size. In samples
of affected individuals sharing a phenotype, and possi-
bly sharing a susceptibility allele at the same disease
locus, the amount of LD around the shared disease locus
should be greater in a younger population. It has been
suggested that if such a young population has also un-
dergone rapid growth, it would be ideal for LD mapping
of disease loci (Freimer et al., 1997). In this latter case,
BLD should be less extensive in the population.

The North American Holstein population can be con-
sidered a relatively young population of constant effec-
tive size, which should be suitable for mapping chromo-
somal regions that underlie complex diseases and traits
(i.e., QTL mapping). It was reported that LD extends
over 10-cM of genetic map distance in the Dutch
Friesian Holstein cattle and that most of this LD is
due to random genetic drift (Farnir et al., 2000). This
suggests that high levels of BLD must be the rule in
dairy cattle populations and that the fine-localization
of genetic factors for complex diseases and traits will
not be trivial. Given this likely scenario, it is important
to determine whether any proportion of observed LD
resembles a pattern of haplotype frequency distribution
(HFD) likely produced by disease trait associated LD
(DLD; i.e., marker-disease loci LD).

To date, no study on the genetic diversity and BLD
distribution in contemporary North American Holstein
cattle using a population-based sample has been re-
ported. Genetic diversity in French (Maudet et al.,
2002) and North-East Asian (Kim et al., 2002) cattle
breeds has been reported using a limited number of
microsatellite markers. The report on genome LD by
Farnir et al. (2000) may not reflect true population
estimates because they used pedigree-based samples
(i.e., granddaughter designs) of Dutch Holstein
Friesian cattle. Furthermore, although the Dutch Hol-
stein population has some North American Holstein
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influence, it does not represent the North American
Holstein population. Migration generates BLD so the
US and the Dutch Holstein populations may have dif-
ferent levels of BLD because of the rapid use and migra-
tion of the US Holstein families into the Dutch popula-
tion in the 1980s and 1990s.

The specific objectives of this study were to 1) identify
highly heterozygous elite Holstein bulls that are as un-
related as possible to use as parental sires to develop
informative families for mapping genes for complex dis-
eases; 2) quantify the level of genetic diversity in the
US Holstein cattle; and 3) determine the extent of BLD
and DLD in the contemporary North American Holstein
cattle population.

MATERIALS AND METHODS

Bull Sampling and DNA Extraction

Twenty-three elite Holstein bulls that are not closely
related to one another and that have large numbers
of daughters in the US dairy industry were identified
(Table 1) using records from the Animal Improvement
Programs Laboratory, USDA (P. VanRaden and D. Nor-
man, personal communication) and dairy breeding com-
panies. Semen samples were acquired from the Cooper-
ative Dairy DNA Repository (CDDR; Ashwell and Van
Tassell, 1999). Genomic DNA was extracted from semen
samples using a phenol/chloroform protocol previously
described (Ashwell et al., 1996).

Microsatellite Genotyping

A sample of 54 microsatellite loci (DNA markers)
spanning most of the bovine autosomal chromosomes
(Table 2) were selected from the genetic maps available
in the Meat Animal Research Center (MARC) database
(Kappes et al., 1997). The DNA samples from the se-
lected 23 Holstein bulls, three quality control samples,
and one blank control sample (for a total of 27 samples)
were genotyped for 54 microsatellite loci. To assess the
quality of marker genotype data, three duplicated-blind
DNA samples (i.e., quality control set) were genotyped
for each marker locus. These genotypes were used to
estimate the “genotyping error rate” for each marker
locus. Genotyping of microsatellite loci was performed
on ABI PRISM 377 and ABI PRISM 3700 DNA sequenc-
ers (PE Applied Biosystems, CA), following PCR ampli-
fication with fluorescent dye-labeled primers. Auto-
mated marker genotype scoring and data analysis were
performed using Genescan and Genotyper software (PE
Applied Biosystems).
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Table 1. Comparison1 of observed heterozygosity in a sample of elite North American Holstein bulls using
microsatellite markers.

Bull Loci Heteroz. Homoz.
services Bull avg. typed loci loci Observed

Bull2 Sire3 Dam3 (no.) covariance (no.) (no.) (no.) heteroz.

11HO3243 1879149 12052401 11,930 0.092 54 43 11 0.80
1HO4316 1890669 12843578 7850 0.104 54 39 15 0.72
1HO4480 1986164 13463545 28,234 0.123 54 38 16 0.70
7HO5255 1912270 14770455 8122 0.118 53 36 17 0.68
1HO3365 2035598 13520885 10,943 0.102 54 36 18 0.67
7HO3707 1879085 11525254 19,543 0.115 49 33 16 0.67
1HO4438 2012343 13372706 12,830 0.109 54 35 19 0.65
7HO3257 1773417 10935707 12,863 0.119 47 30 17 0.64
29HO8375 2071864 14334791 5773 0.069 53 32 21 0.60
7HO4637 383622 13586096 17,307 0.119 53 32 21 0.60
9HO1833 352790 11316154 11,546 0.096 53 32 21 0.60
1HO4333 1983348 12798676 7491 0.135 54 32 22 0.59
1HO5021 2070579 14199846 6959 0.121 54 32 22 0.59
29HO9500 392457 12876116 7856 0.096 54 32 22 0.59
7HO4638 1841366 14096052 12,275 0.139 53 31 22 0.59
9HO1817 1957210 13138862 5080 0.110 54 32 22 0.59
7HO3948 1929410 12600262 32,866 0.148 54 31 23 0.57
7HO4985 2027062 14493791 11,046 0.114 53 30 23 0.57
7HO5112 2055652 13759225 8117 0.064 54 31 23 0.57
1HO3390 2078290 13930245 11,366 0.136 54 30 24 0.56
29HO7673 2020049 14115091 5512 0.147 54 29 25 0.54
23HO453 1858047 12593031 3745 0.107 54 28 26 0.52
11HO4025 1883228 14361567 4969 0.115 53 23 30 0.43

1Comparison of observed heterozygosity was performed using the comparison of m proportions (Fleiss,
1981); χ2 = 27.982, 22 df, P > χ2 = 0.176.

2National Association of Animal Breeders (NAAB) bull number.
3Holstein Association USA registration number.

Measuring Genetic Diversity
and Testing Genetic Equilibrium

The numbers of homozygous and heterozygous loci
was determined for each bull and used to estimate the
observed heterozygosity for each elite Holstein bull. The
proportions of observed heterozygosity per bull were
compared using the comparison of m proportions
(Fleiss, 1981). The numbers of alleles, allele frequen-
cies, observed heterozygosity, and expected heterozy-
gosity under Hardy-Weinberg equilibrium (HWE) for
each microsatellite locus were determined using the
computer program Mega2 version 2.2 (Mukhopadhyay,
1999). Fisher’s exact tests for deviations from HWE
were performed using the computer program Mendel
version 4.0 (Lange et al., 1988); exact P-values were
estimated using 10,000 permutations. Genetic equilib-
rium (GE) tests permit a combined testing for HWE
and linkage equilibrium. Fisher’s exact tests for GE
between adjacent marker pairs were performed using
the computer program Mendel version 4.0 (Lange et
al., 1988).

Measuring Linkage Disequilibrium

The extent of LD between syntenic marker pairs and
gametic phase disequilibrium between nonsyntenic
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marker pairs were determined using the computer pro-
gram Arlequin version 2.0 (Schneider et al., 2000). Ex-
act LD P-values for the observed allelic association un-
der the null hypothesis of random allelic assortment
were estimated by Monte Carlo approximation (10,000
simulations) using the computer program Arlequin ver-
sion 2.0 (Schneider et al., 2000).

Background Linkage Disequilibrium
and Disease Trait-Associated LD

The factors that affect LD (e.g., genetic drift, muta-
tion, linkage) lead to different expectations of haplotype
distributions; thus, BLD and DLD are expected to pro-
duce different patterns of HFD (Freimer et al., 1997).
A pattern typical of BLD is presented in Figure 1a. In
this example, the marker UWCA20 has four alleles, and
the marker HUJII77 has six alleles. The two haplotypes
deviating most from linkage equilibrium involve differ-
ent alleles, namely haplotypes 3-3 and 2-1. In contrast,
Figure 1b represents a pattern typical of DLD. In this
example, the marker INRA048 has six alleles, and the
marker BM719 has four alleles. In this case, the com-
mon ancestral haplotype (or founder chromosome) was
4-3 because of an over representation of haplotypes with
allele 4 (frequency 0.591) from INRA048 or allele 3
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Table 2. Fisher’s exact test for Hardy-Weinberg equilibrium1 for microsatellite loci typed in elite North
American Holstein bulls.2

Alleles Alleles Heteroz. Heteroz.
Posit. Heteroz. MARC observ. observ. expect.

Locus BTA cM MARC3 (no.) (no.) (no.) (no.) P-value4 SE

BM8139 1 8.2 0.59 7 3 0.38 0.50 0.096 0.006
BMS2519 2 101.5 0.62 12 5 0.78 0.70 0.694 0.009
HUJII77 3 87.4 0.66 11 6 0.70 0.68 0.748 0.009
BR4502 3 103.2 0.38 11 5 0.77 0.57 0.621 0.010
BMC4214 3 123.0 0.86 13 6 0.78 0.80 0.049 0.004
BL1024 4 3.9 0.79 7 4 0.70 0.64 0.376 0.010
TCRB 4 97.2 0.21 2 2 0.00 0.15 0.002 0.001
BMS1095 5 0.0 0.76 13 7 0.74 0.81 0.219 0.008
CSSM22 5 71.1 0.66 9 6 0.59 0.72 0.067 0.005
ILSTS093 6 0.0 0.83 17 7 0.70 0.77 0.272 0.009
INRA133 6 8.2 0.52 6 4 0.48 0.39 1.000 0.000
BMS360 6 66.5 0.59 11 5 0.78 0.75 0.883 0.006
ILSTS035 6 81.0 0.79 18 5 0.41 0.48 0.434 0.010
BM4311 6 89.7 0.61 7 3 0.57 0.60 0.421 0.010
BM7160 7 0.0 0.66 8 5 0.57 0.63 0.150 0.007
BM6105 7 35.7 0.69 10 6 0.22 0.77 0.000 0.000
UWCA20 7 59.9 0.62 9 4 0.52 0.56 0.546 0.010
BM711 8 83.6 0.72 9 4 0.70 0.60 0.623 0.010
BMS2377 9 63.8 0.41 6 3 0.85 0.54 0.006 0.002
BM875 10 46.5 0.62 7 3 0.05 0.13 0.025 0.003
CSSM46 10 92.9 0.86 13 6 0.95 0.81 0.749 0.009
BM827 11 0.0 0.17 4 2 0.30 0.23 1.000 0.000
ILSTS049 11 55.0 0.28 6 2 0.14 0.11 1.000 0.000
RM150 11 65.5 0.59 14 7 0.96 0.78 0.900 0.006
BL1103 11 90.9 0.59 12 5 0.74 0.74 0.184 0.008
BMS585 12 79.7 0.52 4 3 0.65 0.55 0.168 0.007
BMS1316 12 98.7 0.55 14 7 0.65 0.81 0.034 0.004
BMS2319 13 85.3 0.69 7 3 0.68 0.60 1.000 0.000
BMS947 14 52.8 0.59 12 5 0.57 0.51 0.743 0.009
BL1036 14 78.7 0.62 10 7 0.83 0.81 0.325 0.009
BMS2055 14 84.1 0.62 10 6 0.74 0.69 0.556 0.010
BR3510 15 1.0 0.72 10 6 0.78 0.77 0.790 0.008
BMS2533 15 5.2 0.86 16 8 0.74 0.82 0.241 0.009
BMS1004 15 7.2 0.55 11 4 0.41 0.33 1.000 0.000
BM848 15 81.6 0.48 5 4 0.35 0.68 0.000 0.000
BM121 16 24.4 0.76 19 7 0.68 0.70 0.272 0.009
TGLA53 16 40.6 0.75 13 9 0.39 0.83 0.000 0.000
INRA048 16 73.0 0.69 15 5 0.57 0.54 0.135 0.007
BM719 16 78.0 0.68 9 6 0.64 0.60 1.000 0.000
BM1862 17 86.3 0.76 16 6 1.00 0.80 0.538 0.010
BM8151 18 42.3 0 0 4 0.57 0.47 0.800 0.008
HEL10 19 15.9 0.55 7 5 0.48 0.55 0.047 0.004
BMS2142 19 44.7 0.69 13 5 0.87 0.75 0.404 0.010
BP20 19 46.5 0.71 8 4 0.70 0.71 0.796 0.008
BM846 21 65.9 0.66 8 6 0.27 0.71 0.000 0.000
RM185 23 45.1 0.82 8 6 0.70 0.72 0.572 0.010
BMS2269 23 60.8 0.62 10 6 0.65 0.67 0.161 0.007
BM226 24 6.0 0.52 10 4 0.57 0.54 0.391 0.010
BMS1926 24 57.4 0.69 9 3 0.65 0.46 0.140 0.007
BM737 25 27.8 0.66 11 6 0.74 0.73 0.314 0.009
BMS1353 25 45.3 0.76 15 8 0.74 0.76 0.306 0.009
CSSM43 27 34.1 0.69 9 11 0.48 0.84 0.000 0.000
BMC6020 28 2.5 0.9 18 6 0.70 0.73 0.660 0.009
BM4602 29 0.0 0.79 12 8 0.83 0.78 0.776 0.008
Average 0.63 10.2 5.2 0.61 0.63

1The computer program Mendel version 4.0 (Lange et al., 1988) was used to estimate the Fisher’s exact
test for Hardy-Weinberg equilibrium.

2Twenty-three elite North American Holstein bulls were typed for 54 microsatellite loci.
3USDA Meat Animal Research Center (MARC) reference families.
4Exact P-value estimated using 10,000 permutations.
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Figure 1. Expected haplotype frequency distribution under (a)
background linkage disequilibrium (BLD), and (b) disease trait asso-
ciated linkage disequilibrium (DLD).

(frequency 0.614) from BM719. The exceptionally high
frequency of haplotypes (and alleles) in family- and
population-based samples allows identification of a hy-
pothetical common ancestral haplotype (Bitti et al.,
2001; Gaspar et al., 2001; Shinar et al., 2002).

In this study, seven syntenic marker pairs that had
LD P-value < 0.05 and a sample of 20 nonsyntenic
marker pairs that had the lowest LD P-value (from 132
nonsyntenic marker pairs that had LD P-value < 0.05),
for a total of 27 marker pairs, were evaluated for HFD
that may resemble the expected pattern of LD produced
by either BLD or DLD. Briefly, normalized pair-wise
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disequilibria (D′; Lewontin, 1964) and HFD for each of
the 27 marker pairs were estimated using the computer
program 3Locus version 5.0 (Long, 1999). The HFD for
each marker pair was evaluated to determine whether
the observed LD resembled a typical pattern of HFD
produced by either BLD or DLD. The evaluation criteria
were as follows. First, if the two haplotypes deviating
most from linkage equilibrium involved completely dif-
ferent alleles (i.e., overrepresentation of any haplo-
type), then the HFD resembles a pattern typical of BLD
(Figure 1a). Second, if the two (or more) haplotypes
deviating most from linkage equilibrium involved hap-
lotypes that derived from a common ancestral haplo-
type (i.e., which implies an overrepresentation of haplo-
types involving either allele of this common ancestral
haplotype), then the HFD resembles a pattern typical of
DLD (Figure 1b). In this example, the hypothetical
common ancestral haplotype was 4-3 because in descen-
dant chromosomes (i.e., the sample of bulls tested in
this study) there was an overrepresentation of haplo-
types that included either allele 4 at marker INRA048
or allele 3 at marker BM719. Finally, if the pattern of
HFD did not clearly resemble either BLD or DLD, then
the HFD was labeled as a nondetermined (ND) pattern.

RESULTS AND DISCUSSION

Genetic Diversity and Heterozygosity

The identification of half-sib families that are highly
informative for the mapping of genetic factors underly-
ing complex diseases using linkage and LD methods is
important in the US Holstein cattle population.
Twenty-three elite Holstein bulls that are least related
and widely used in North America were selected to
screen for high levels of heterozygosity (Table 1). These
selected bulls were genotyped for a sample of 54 micro-
satellite loci scattered across the bovine genome (Table
2). The observed heterozygosity in these elite Holstein
bulls ranged from 0.43 to 0.80 (Table 1). Although the
heterozygosity estimates were not statistically differ-
ent, the range of heterozygosity among elite bulls was
wide and allows selection of the most heterozygous bulls
to develop informative families for gene mapping
studies.

For the microsatellite loci typed in this study, the
average observed heterozygosity in the elite Holstein
sample was 0.61, which was close to the average hetero-
zygosity reported for the MARC reference families (Ta-
ble 2). For the evaluated microsatellite loci, there was
a positive relationship (r = 0.43) between levels of heter-
ozygosity reported in the MARC reference families and
the heterozygosity observed in the sample of elite Hol-
stein bulls. The average heterozygosity observed in the
elite Holstein sample was also close to the average het-
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Figure 2. Relationship between heterozygosity and allele number
for microsatellite loci in the North American Holstein cattle. Regres-
sion of heterozygosity on number of alleles (by.x) was 0.05 and correla-
tion between heterozygosity and number of alleles (rxy) was 0.38.

erozygosity of 0.56 reported for microsatellite loci typed
in bovine genome-wide scans (Georges et al., 1995).
The average number of alleles observed in the MARC
reference families was larger than those observed in
the sample of elite Holstein bulls (Table 2). The smaller
number of alleles per microsatellite locus observed in
the elite Holstein sample might be due to the small
sample size used in this study and also because the
MARC reference families were developed using a four-
way cross of different cattle breeds (Bishop et al., 1994).
In the sample of Holstein bulls, in agreement with popu-
lation genetic theory, a positive relationship between
degree of heterozygosity and number of alleles per mi-
crosatellite locus was observed (Figure 2). The heterozy-
gosity increased 0.05 units for each unit increase in
number of alleles per microsatellite locus (by.x = 0.05).

The degree of genetic variation observed in this pure-
bred Holstein population is still high, which allows se-
lection for traits of economic importance. The relatively
high degree of heterozygosity observed for microsatel-
lite loci indicates that half-sib or full-sib families of
Holstein cattle that are informative for linkage and LD
mapping of genetic factors underlying complex traits
can be identified.

Hardy-Weinberg and Genetic Equilibrium

The notions of HWE and linkage equilibrium are cen-
tral in population genetics theory. In contrast to HWE,
linkage equilibrium may be reached very slowly even
under ideal conditions. Hardy-Weinberg equilibrium
and linkage equilibrium generally simplify the statisti-
cal analysis and are assumed when performing genetic
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linkage analysis. However, it is important to know how
valid these simplifying assumptions are by testing the
marker loci for HWE and GE.

Fisher’s exact test for HWE for each microsatellite
locus is presented in Table 2. Eleven microsatellite loci
(20%) showed significant deviation from HWE (P-value
< 0.05). Fisher’s exact tests for GE between adjacent
microsatellite loci were also estimated (Table 3). Ge-
netic equilibrium tests permit a combined testing for
HWE and linkage equilibrium. Most of the marker pairs
were in GE, and only five marker pairs (9%) showed
significant deviation (P-value < 0.05) from GE. From
the marker pairs that were not in GE, two of them
had significant LD (BL1036-BMS2055 and INRA048-
BM719; Table 4). Few of the loci departing from HWE
proportions had a high number of alleles (Table 2) with
low allelic frequency (data not shown). The departures
from HWE and GE are expected in some degree because
several key assumptions such as random mating, non-
overlapping generations, and infinite population size
cannot be met in dairy cattle populations.

In this study, a small fraction of loci did not fulfill
the simplifying assumptions of genetic linkage analy-
sis, which are HWE and GE. With this information at
hand, these loci can be either discarded or used in the
analysis. If deciding to use them, these loci should be
scrutinized with caution before claiming that compel-
ling evidence of linkage or LD exists.

Linkage Disequilibrium

Exact LD P-values were estimated for all syntenic
and nonsyntenic marker pairs, and a summary of these
results is presented in Table 5. The proportion of
marker pairs with significant LD (LD P-value < 0.05)
for syntenic and nonsyntenic marker pairs was 0.15
and 0.10, respectively. The hypothesis that these pro-
portions are statistically similar could not be rejected.
For syntenic marker pairs, significant LD P-values
were observed for genetic distances greater than 10
cM (Figure 3). As expected, the extent of LD tends to
dissipate with genetic map distance illustrated by a
positive relationship between LD P-values and map
distances (rxy = 0.21).

The extent of LD observed for syntenic and nonsyn-
tenic marker pairs in the North American Holstein
sample is similar to that reported for a Dutch Holstein
population (Farnir et al., 2000) in which LD between
syntenic loci extended over several tens of centimorgan.
They also suggested that most of the observed LD was
due to random genetic drift. The effect of genetic drift
is accentuated in Holstein populations worldwide by
the breeding structure of the dairy industry and the
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Table 3. Fisher’s exact test for genetic equilibrium1 (GE) between adjacent microsatellite loci typed in elite
North American Holstein bulls.2

1st Locus 1st Locus 1st–2nd loci
BTA Posit. (cM) 1st Locus 2nd Locus GE (P-value)3 SE

1 8 BM8139 BMS2519 0.865 0.007
2 102 BMS2519 HUJII77 0.487 0.010
3 87 HUJII77 BR4502 0.593 0.010
3 103 BR4502 BMC4214 0.981 0.003
3 123 BMC4214 BL1024 0.433 0.010
4 4 BL1024 TCRB 0.593 0.010
4 97 TCRB BMS1095 0.532 0.010
5 0 BMS1095 CSSM22 1.000 0.000
5 71 CSSM22 ILSTS093 0.179 0.008
6 0 ILSTS093 INRA133 0.456 0.010
6 8 INRA133 BMS360 0.822 0.008
6 67 BMS360 ILSTS035 0.010 0.002
6 81 ILSTS035 BM4311 0.111 0.006
6 90 BM4311 BM7160 0.247 0.009
7 0 BM7160 BM6105 0.771 0.008
7 36 BM6105 UWCA20 0.319 0.009
7 60 UWCA20 BM711 0.299 0.009
8 84 BM711 BMS2377 0.301 0.009
9 64 BMS2377 BM875 0.209 0.008

10 47 BM875 CSSM46 0.316 0.009
10 93 CSSM46 BM827 0.617 0.010
11 0 BM827 ILSTS049 0.168 0.007
11 55 ILSTS049 RM150 0.223 0.008
11 66 RM150 BL1103 0.115 0.006
11 91 BL1103 BMS585 0.096 0.006
12 80 BMS585 BMS1316 0.317 0.009
12 99 BMS1316 BMS2319 0.339 0.009
13 85 BMS2319 BMS947 0.194 0.008
14 53 BMS947 BL1036 0.406 0.010
14 79 BL1036 BMS2055 0.021 0.003
14 84 BMS2055 BR3510 0.923 0.005
15 1 BR3510 BMS2533 0.590 0.010
15 5 BMS2533 BMS1004 0.764 0.008
15 7 BMS1004 BM848 0.048 0.004
15 82 BM848 BM121 0.813 0.008
16 24 BM121 TGLA53 0.263 0.009
16 41 TGLA53 INRA048 0.224 0.008
16 73 INRA048 BM719 0.005 0.001
16 78 BM719 BM1862 0.463 0.010
17 86 BM1862 BM8151 0.012 0.002
18 42 BM8151 HEL10 0.142 0.007
19 16 HEL10 BMS2142 0.668 0.009
19 45 BMS2142 BP20 0.593 0.010
19 47 BP20 BM846 0.536 0.010
21 66 BM846 RM185 0.705 0.009
23 46 RM185 BMS2269 0.131 0.007
23 61 BMS2269 BM226 0.835 0.007
24 6 BM226 BMS1926 0.580 0.010
24 57 BMS1926 BM737 0.982 0.003
25 28 BM737 BMS1353 0.682 0.009
25 45 BMS1353 CSSM43 0.656 0.010
27 34 CSSM43 BMC6020 0.289 0.009
28 3 BMC6020 BM4602 1.000 0.000
29 0 BM4602

1The computer program Mendel version 4.0 (Lange et al., 1988) was used to estimate Fisher’s exact test
for GE.

2Twenty-three elite North American Holstein bulls were typed for 54 microsatellite loci.
3Exact P-value estimated using 10,000 permutations.

relatively small effective size of dairy cattle popu-
lations.

The extent and distribution of LD in the bovine ge-
nome will affect the goals of testing for association and
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gene localization in different ways. It is simpler to test
for association if LD extends over long distances around
the disease mutation, because not as many markers
are needed to scan for associations. However, at a later
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Table 4. Pattern of haplotype frequency distribution (HFD) that resembles linkage disequilibrium (LD)
produced by background LD (BLD) and disease trait associated LD (DLD) in syntenic and nonsyntenic
marker pairs with significant LD P-values.1

Total normalized Pattern of
BTA2 Marker 1 Marker 2 disequilibrium (D′)3 HFD4

6 ISTS093 BMS360 0.565 ND
6 ILSTS035 BM4311 0.426 DLD
14 BMS947 BL1036 0.649 DLD
14 BL1036 BMS2055 0.639 BLD
15 BR3510 BMS1004 0.567 ND
16 INRA048 BM719 0.266 DLD
23 RM185 BMS2269 0.642 DLD
5, 13 BM121 BM226 0.547 BLD
6, 27 BM6105 CSSM43 0.590 BLD
11, 15 BM8139 BMS1095 0.403 BLD
15, 19 BM875 BM121 0.684 ND
9, 21 BM875 BMS2319 0.686 ND
10, 16 BMC4214 BM7160 0.593 ND
10, 13 BMS1316 TGLA53 0.519 BLD
11, 13 BMS2319 BR3510 0.613 BLD
16, 24 BMS2377 BM846 0.445 DLD
1, 3 BMS2519 CSSM46 0.618 BLD
3, 7 BMS2533 BMS2142 0.646 BLD
5, 10 BMS585 BMS1004 0.691 ND
13, 15 CSSM22 BM875 0.794 ND
3, 7 CSSM22 BMS2319 0.487 ND
7, 27 CSSM46 BMS1926 0.764 ND
11, 19 HUJII77 UWCA20 0.686 BLD
12, 16 ILSTS035 CSSM43 0.785 ND
2, 10 ILSTS049 BMS2319 0.679 ND
10, 24 RM150 BMS2142 0.663 BLD
12, 15 RM150 BMS2533 0.707 BLD

1Exact LD P-value < 0.05. Exact LD P-value estimated using 10,000 permutations and the computer
program Arlequin version 2.0 (Schneider et al., 2000).

2Bos taurus autosome.
3Pair-wise HFD and total normalized disequilibrium (D′; Lewontin, 1964) estimated using the computer

program 3locus version 5.0 (Long, 1999).
4Pattern of typical HFD for DLD and BLD; ND, Non-determined pattern of HFD which is likely due to

BLD.

stage, when the goal is to infer gene location, long-
ranging LD is potentially problematic. This means that
strong associations may be observed far from the caus-
ative site(s), and these associations could lead to effort
spent in the wrong genomic regions.

In the human genome, the distribution and extent of
LD is quite variable and much smaller, respectively. In
the bovine genome, significant LD extends over large
distances (Farnir et al., 2000), and little empirical infor-

Table 5. Comparison1 of proportions of syntenic and nonsyntenic marker pairs with significant2 linkage
disequilibrium (LD) P-value.

Type of Significant Nonsignificant Proportion with
marker pair LD LD Total significant LD χ2 P > χ2, 1 df

Syntenic 7 40 47 0.149 1.49 0.223
Nonsyntenic 132 1252 1384 0.095
Total 139 1292 1431 0.097

1Comparison of proportions performed using the comparison of m proportions (Fleiss, 1981).
2Exact LD P-value < 0.05. Exact LD P-value estimated using 10,000 permutations and the computer

program Arlequin version 2.0 (Schneider et al., 2000).
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mation on the distribution of LD in the bovine genome
is known. In human populations, reports on LD are
quite variable and extend from 5 kb to 4 Mb (Huttley
et al., 1999; Pritchard and Przeworski, 2001; Service
et al., 2001). As a consequence, the number of markers
that will be needed to scan the human genome for asso-
ciation is very large. In contrast, fewer markers may
be needed to perform genome association studies in the
bovine genome. However, the fine-localization of these
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Figure 3. Distribution of linkage disequilibrium (LD) P-values for
syntenic marker pairs as a function of genetic distance (cM) in the
North American Holstein cattle. Regression of LD P-value on genetic
distance (by.x) was 0.001 and correlation between LD P-value and
genetic distance (rxy) was 0.21.

genes may be a difficult (if not impossible) task in dairy
cattle populations. Recently, a successful positional
cloning of a QTL was reported in dairy cattle (Grisart
et al., 2002). This was possible because several ideal
conditions were met: large gene effects, one single mu-
tation in a gene (absence of allelic genetic heterogene-
ity), and an easily interpretable missense mutation
(rather than a regulatory promoter mutation). Forth-
coming QTL cloning experiments are likely to be more
complicated, because these ideal conditions may not
apply.

Background and Disease Trait Associated LD

To estimate the proportion of marker pairs that re-
sembled a typical pattern of BLD and DLD, pair-wise
HFD and D′ were estimated for 27 marker pairs: seven
syntenic marker pairs with significant LD (LD P-value
< 0.05, Table 5), and a sample of 20 nonsyntenic marker
pairs that had the lowest LD P-value (sampled from
132 marker pairs with LD P-value < 0.05; Table 5). To
illustrate this analysis, the HFD of two marker pairs
are shown in Figure 1: a syntenic marker pair
(INRA048-BM719) displaying a typical pattern of HFD
produced by DLD (Figure 1b); and a nonsyntenic
marker pair (HUJII77-UWCA20) presenting a typical
pattern of HFD due to BLD (Figure 1a). The pattern
of observed HFD for the 27 marker pairs is presented in
Table 4. Using D′, most of these marker pairs exhibited
strong LD, except one marker pair (INRA048-BM719).
Approximately half of the syntenic markers pairs (57%)
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Table 6. Number of marker pairs with haplotype frequency distribu-
tion (HFD)1 that resembles linkage disequilibrium (LD) produced
by background LD (BLD) and disease trait associated LD (DLD) in
syntenic and nonsyntenic marker pairs that had significant LD P-
values.2

Syntenic Nonsyntenic
Pattern of HFD3 marker pairs marker pairs4

BLD 1 10
DLD 4 1
ND 2 9
Total 7 20
Proportion of DLD5 0.57 0.05

1Pair-wise disequilibria (Lewontin, 1964) and HFD were estimated
for each marker pair using the computer program 3Locus version 5.0
(Long, 1999).

2Exact LD P-value < 0.05; exact LD P-values estimated using 10,000
permutations and the computer program Arlequin version 2.0
(Schneider et al., 2000).

3Pattern of BLD and DLD determined by analyzing the pattern of
HFD of each marker pair; ND, Nondetermined pattern of HFD that
is likely due to BLD.

4A sample of 20 marker pairs with lowest LD P-value (from a total
of 132 nonsyntenic marker pairs with LD P-value < 0.05).

5Comparison of m proportions (Fleiss, 1981), χ2 = 57.4; P > χ2 (1
df) = 0.00001.

presented a typical pattern of DLD (Table 6). As ex-
pected, few of the nonsyntenic marker pairs (5%) had
a HFD that resembles those produced by DLD (Table 6).

The fact that a portion (57%) of observed LD in syn-
tenic marker pairs resembles those likely produced by
DLD is encouraging. These results suggest that the
observed LD in the US Holstein population is not purely
due to genetic drift and that a portion might be due to
marker-disease trait loci LD or tight linkage. This
raises our hopes of successful fine-localization of genes
affecting complex disease traits using LD mapping in
the US Holstein cattle population.

Previous reports and findings reported here indicate
that LD extends over large distances in dairy cattle
populations and that most is due to random genetic
drift. Based on the current breeding structure of the
dairy industry, it is reasonable to predict that dairy
cattle populations will not expand quickly and that they
will display high levels of BLD mostly due to genetic
drift and migration in the foreseeable future. Given this
likely scenario, the extent of LD observed in dairy cattle
populations will be useful in mapping chromosomal re-
gions containing genes affecting complex disease traits.
The success in pinpointing the causal genes for a QTL
effect will greatly depend on the study design, accuracy
of phenotype measurement, size of gene effects, level
of genetic heterogeneity, extent and distribution of BLD
and DLD, and the use of refined statistical methods
that account for BLD to minimize the rate of false posi-
tive findings.
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In a few QTL cloning experiments, some ideal condi-
tions will be met, and the LD mapping methods used
will be successful in pinpointing the gene(s) and poly-
morphism(s) responsible for the effect (Grisart et al.,
2002). However, in most QTL cloning experiments,
these ideal conditions will not be met and cloning will
be a complicated task. For example, Blott et al. (2003)
report a nonsynonymous mutation (F279Y) in the
growth hormone receptor (GHR) gene that contributes
to the QTL effect on milk yield and composition. This
mutation accounts for 3 to 5% of total trait variation
that indicates that additional genes might contribute
to the QTL effects observed on Bos taurus autosome
20. The fact that the maximum log of the odds score is
distal to the GHR gene (42-cM far and outside of the
95% QTL CI) indicates either the mutation F279Y is
not the causative mutation or other closely linked genes
may be responsible for the observed effects on Bos tau-
rus autosome 20. Thus, when LD extends over long
regions and is mostly due to genetic drift and migration
(i.e., BLD), refined statistical methods that account for
BLD must be used or incorrect candidate genes (or geno-
mic regions) may be identified and studied.

If one is applying haplotype analysis methods or
searching for shared chromosomal segments, the high
levels of BLD will increase the rate of false positives.
Therefore, shared segment approaches are liberal due
to the BLD, whether or not a disease trait allele exists
in their vicinity. Furthermore, LD generated by genetic
drift is not expected to present itself in the form of
predominantly shared segments or haplotypes. As a
result, such approaches to gene mapping are not very
powerful when BLD is present since it will not take
this form. In contrast, single marker analysis should
benefit from the marker-marker correlations, and mul-
tiple two-point analysis is expected to be close to opti-
mal for detecting this type of LD (Terwilliger et al.,
1998).

The difference between a rapidly growing population
and one that remains of constant size is that substantial
LD between closely linked loci can be created by genetic
drift alone in a population of constant size but not in
one that has grown sufficiently rapidly (Slatkin, 1994).
In relatively young populations of constant size, such
as the bovine genome, genome-wide LD mapping will be
feasible even without dense marker maps (for mapping
chromosomal regions).

However, BLD will confuse the interpretation of LD
analysis for mapping complex disease trait loci, as most
methods of LD analysis assume linkage equilibrium
between markers in control chromosomes (i.e., individ-
uals not affected with the disease or trait of interest
and sampled independently from one another). For LD
mapping to succeed, it will be necessary to develop sta-
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tistical methods that distinguish DLD from BLD, by
either accounting for observed BLD or modeling the
population history through coalescent methods.

As geneticists move from the mapping of relatively
tractable Mendelian disorders to the identification of
loci underlying complex disease traits, the utility of LD
mapping approaches either in large farm animals or
biomedical research remains a challenging task. Effec-
tive experimental design and sampling scheme based
on adequately justified criteria defined by sound popu-
lation genetic principles and empirical information on
the distribution of LD in the bovine genome will be
crucial in the mapping of complex disease trait loci
through genome-wide association studies.

CONCLUSIONS

The heterozygosity for the elite Holstein bulls used
in this study ranged from 0.43 to 0.80. This wide range
of heterozygosity allows us to select the most heterozy-
gous bulls to develop informative families for linkage
and LD mapping of complex disease trait loci. The de-
gree of genetic diversity observed in this purebred Hol-
stein population is significant and actually allows
breeders to select for traits of economic importance.

As expected, there is extensive LD in the US Holstein
cattle population that confirms previous reports on the
distribution of LD in Dutch Holstein cattle (Farnir et
al., 2000). Approximately half of the syntenic marker
pairs presented a typical pattern of disease trait associ-
ated LD and, as expected, few of the nonsyntenic
marker pairs had a HFD produced by DLD. These re-
sults suggest that the observed LD in the US Holstein
population is not purely due to genetic drift and that
a portion may be due to DLD. This raises our hopes of
successful fine-localization of genes affecting complex
disease traits using LD mapping in the US Holstein
cattle population.

Background LD should be studied in cattle popula-
tions using a population-based sample and a reference
set of closely linked and evenly spaced highly polymor-
phic microsatellite markers and single nucleotide poly-
morphisms. These studies will clarify factors that in-
fluence the distribution and magnitudes of BLD in the
bovine genome, aid in the dissection of BLD from LD
associated with disease trait loci, and facilitate the de-
sign of optimal genome-wide association studies.
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